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Capillary high-performance liquid chromatography has been coupled on-line with an ion trap
storage/reflectron time-of-flight mass spectrometer to perform tandem mass spectrometry for
tryptic peptides. Selection and fragmentation of the precursor ions were performed in a
three-dimensional ion trap, and the resulting fragment ions were pulsed out of the trap into a
reflectron time-of-flight mass spectrometer for mass analysis. The stored waveform inverse
Fourier transform waveform was applied to perform ion selection and an improved tickle
voltage optimization scheme was used to generate collision-induced dissociation. Tandem
mass spectra of various doubly charged tryptic peptides were investigated where a conspic-
uous y ion series over a certain mass range defined a partial amino acid sequence. The partial
sequence was used to determine the identity of the peptide or even the protein by database
search using the sequence tag approach. Several peptides from tryptic digests of horse heart
myoglobin and bovine cytochrome c were selected for tandem mass spectrometry (MS/MS)
where it was demonstrated that the proteins could be identified based on sequence tags
derived from MS/MS spectra. This approach was also utilized to identify protein spots from
a two-dimensional gel separation of a human esophageal adenocarcinoma cell line. (J Am Soc
Mass Spectrom 2000, 11, 127–135) © 2000 American Society for Mass Spectrometry
The ion trap storage/reflectron time-of-flight massspectrometer (IT/reTOFMS) is a hybrid instru-ment which combines the storage capabilities of a
quadrupole ion trap with the properties of the TOFMS
[1–4]. The TOFMS has become increasingly popular
because of its high transmission efficiency, theoretically
unlimited mass range, and nonscanning nature. The
unique nonscanning nature of TOFMS can generate a
complete mass spectrum following every injection
pulse of ions and therefore TOFMS is an ideal detector
for on-line monitoring of rapid liquid chromatography
(LC), capillary electrophoresis (CE), and capillary elec-
trochromatography (CEC) separations without compro-
mising the chromatographic performance. The distinct
advantages of an ion trap include its ability to obtain
high sensitivity through ion storage, ion selection and
isolation, and its capability of multiple stages of tandem
mass spectrometry. In this hybrid configuration, a
quadrupole ion trap stores the ESI-generated ions and
converts the continuous ion source into a pulsed ion
source for TOFMS detection.
In previous work, an IT/reTOFMS was interfaced to
various capillary separation methods (including LC,
CE, and CEC) via electrospray ionization (ESI) for
on-line separation and detection of peptide mixtures
and protein digests [1, 5, 6]. The capabilities of the ion
trap were extended to perform tandem mass spectrom-
etry by the use of efficient ion isolation with the stored
waveform inverse Fourier transform (SWIFT) wave-
form method [7]. Isolation of a precursor ion was
achieved by applying the SWIFT waveform to the
entrance endcap of the ion trap. A tickle voltage was
then applied to the entrance endcap of the ion trap to
produce collision-induced dissociation of the precursor
ion. The previous work primarily focused on the soft-
ware and hardware development for tandem mass
spectrometry and the application of tandem mass spec-
trometry to nontryptic peptides or singly charged tryp-
tic peptides for structural information.
Tandem mass spectrometry of peptides has been
performed on triple quadrupole, ion trap, and quadru-
pole/orthogonal-TOF mass spectrometers [8–13]. LC/
MS/MS has been commonly used for the structural
characterization of complex mixtures [8, 9, 14–16]. In
this work, an IT/reTOFMS has been used for mass
spectrometry and MS/MS detection. On-line capillary
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HPLC/MS/MS was performed for multiple compo-
nents from a tryptic digest of a protein with the auto-
matic generation of tandem mass spectra in a data-
dependent manner. The on-line tickle voltage
optimization scheme has been improved over previous
work so that efficient fragmentation is achieved. The
fragmentation of both singly and doubly charged tryp-
tic peptides was studied and the doubly charged spe-
cies were found to generate a distinctive fragmentation
pattern characteristic of sequence-related y ions over a
certain mass range. The fragmentation patterns of a
wide variety of standard protein tryptic peptides with a
wide range of masses were studied and it was shown
that a partial amino acid sequence could be deduced
from the adjacent y ion series in an MS/MS spectrum.
This partial amino acid sequence information was used
to search a database for the sequence of the whole
peptide or even the protein. The database search for
peptide and protein identification based on sequence
tag information was first reported by Mann and Wilm
[17] and has been used by several groups [18, 19] on
triple quadrupoles or single quadrupoles with in-source
collision activated dissociation.
In this work, it is demonstrated that a short series of
sequence ions are always readily obtained from MS/MS
spectra and a search based on the partial sequence is
very specific. A two or three amino-acid sequence is
sufficient to find a tryptic peptide where the combina-
tion of several sequence tags can usually uniquely
identify the protein. The combination of an ion trap and
a time-of-flight mass detector offers several unique and
distinct advantages for the on-line acquisition of frag-
ment ion spectra. The ion trap with the application of
SWIFT waveform provides mass-selective ion storage
and elimination of background ions and thus an en-
hanced fragment ion sensitivity. In addition, the use of
the dc pulse-out mode for ejection of all the ions from
the ion trap avoids the use of the scanning modes which
involve the tradeoff between mass range, resolution,
and duty cycle of ion traps. The fragment ions of
multiply charged large peptides normally span a mass
range up to the singly charged peptide mass. The
advantage of large mass range of a time-of-flight detec-
tor in conjunction with the capability of ejecting high
mass ions from the ion trap can provide the required
mass range for efficient detection of fragment ions. The
ability to identify a gel-separated protein by on-line
LC/MS/MS on an IT/reTOFMS with database search-
ing will be demonstrated.
Experimental
Materials
Acetonitrile, TFA, ammonium bicarbonate, standard
peptides, bovine cytochrome c, and horse heart myo-
globin were purchased from Sigma (St. Louis, MO).
TPCK-treated trypsin was purchased from Promega
(Madison, WI). These materials were used without
further purification. The water was deionized prior to
use by a Milli-Q water purification system (Millipore,
Bedford, MA). Standard peptides were dissolved in
deionized water to a concentration of 2 3 1025 M. For
protein digestion, 50 mg of protein was incubated for
20–24 h at 37 °C with a protein to enzyme ratio of 25:1
(w/w) in 50 mM ammonium bicarbonate solution at pH
8.2. The digested materials were then vacuum dried to
remove the salt and reconstituted in water to a concen-
tration of 5 3 1026 M of the original protein.
In-gel Tryptic Digestion of Proteins
The human esophageal adenocarcinoma cell line was
obtained from the Department of Pediatrics and Sur-
gery at the University of Michigan. The proteins ex-
tracted from the cell line were separated on 14 3 16 3
0.15 cm two-dimensional (2-D) gels with pH 3.5–8.0
carrier ampholyte isoelectric focusing (IEF) as the first
dimension and SDS polyacrylamide as the second di-
mension. Proteins were visualized by staining the gels
with 1 L of 1% Coomassie blue R-250 in 40% v/v
methanol and 10% v/v acetic acid solution for about
1.5 h and subsequently destaining the gels with 40%
v/v methanol and 10% v/v acetic acid solution several
times until the protein spots were clearly observed on
the gels. The Coomassie blue stained spots of interest
were excised and deposited in 1.5 mL microcentrifuge
tubes and immersed in Milli-Q pure water. The gel
spots were digested using a slightly modified version of
a procedure developed by Rosenfeld et. al. [20]. The gel
spots were washed with a solution of 60% acetonitrile in
200 mM NH4HCO3 to remove the Coomassie blue stain
and the SDS. The gel pieces were washed three times in
this solution for 30 min each time while being mixed at
37 °C. The gel pieces were then partially dried by
exposing them to the air for 10 min. 5 mL of 200 mM
NH4HCO3 per gel piece was then added followed by 5
uL of 0.5 mg/mL trypsin. After allowing the trypsin to
absorb into the gel pieces additional 200 mM NH4HCO3
solution was added until the gel pieces were barely
covered. The tubes containing this mixture were then
incubated at 37 °C for 12 h to allow digestion to take
place. The digestion was stopped by the addition of
TFA to a 1%–5% concentration and the peptides were
extracted from the mixture by washing the gel pieces in
60% acetonitrile / 0.1% TFA three times at 37 °C for 30
min each time with mixing. The resulting dilute solu-
tion of peptides was dried in a speed vacuum and water
was added at low volume to create a solution compat-
ible with the ensuing LC/MS/MS experiments.
Liquid Chromatography
A Star 9012 solvent delivery pump (Varian Associates,
Walnut Creek, CA) was used for capillary HPLC sepa-
rations. The pump operated at a fixed flow rate of 200
mL/min. A split valve was used to split solvent flow
with a ratio of 39:1 before the injection valve. The flow
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rate in capillary HPLC is 5 mL/min. For gradient
elution, solvent A consisted of 0.05% trifluoroacetic acid
(TFA) in aqueous solution. Solvent B consisted of 0.05%
TFA in acetonitrile. A linear gradient was employed for
the HPLC separations from 0% B–80% B in 40 min.
Capillary HPLC columns (0.25 mm i.d. and 0.36 mm
o.d., from Polymicro Technology, Phoenix, AZ) were
packed in-house with 5 mm C-18 silica gel (Vydac,
Hesperia, CA) by using a slurry packing method.
Mass Spectrometer
An IT/reTOFMS was used for mass spectrometry and
MS/MS analysis [7]. The experimental configuration
consists of a differentially pumped reTOFMS (Model
D1450) interfaced to a quadrupole ion trap storage
device (Model C-1251, R. M. Jordan, Grass Valley, CA).
The ions generated by electrospray were transferred
through a heated capillary tube into an atmospheric-
pressure interface chamber. In the interface region, a
cylindrical condenser lens serves to focus the ions into
the skimmer orifice. The ions were trapped and stored
in the ion trap for 0.5 s by an applied rf voltage on the
ring electrode. A dc pulse (2400 V) was applied to the
exit endcap to eject the ions from the ion trap. The ions
were detected by a 40 mm triple microchannel plate
detector (Model C-2501, R. M. Jordan). A gating period
during the MS/MS process was generated by applying
a 1400 V, 114 ms pulse to the center lens of the Einzel
lens to prevent ions from entering the ion trap. All
measurements were performed at a digitizer time res-
olution of 8 ns and a mass spectral acquisition rate of 2
s/spectrum. A sampling window width of 1400 and
2080 Da was used for peptide mapping and the frag-
mentation of peptides, respectively. The data acquisi-
tion software was developed in DOS-based Borland
Pascal. The mass spectra were digitized by an 8 bit 250
MHz analog bandwidth transient recorder (Model 9846,
Precision Instruments, Knoxville, TN). The data system
offset is set such that only meaningful ion intensities
above a threshold result in nonzero data. This reduces
(by 10:1) the number of data points that are graphed
and stored. The SWIFT and tickle waveforms are pro-
duced from an arbitrary waveform generator board
(AWGB) (model WSB-100-10, Quatech, Akron, OH)
with analog output module WSB-A12M.
Ion Isolation and Activation
The MS/MS process was performed in an ion trap
where the sequence of events consisted of ion isolation,
cooling, ion activation, and cooling. The SWIFT tech-
nique [21, 22] was applied to the entrance endcap to
isolate the selected precursor ion. Following a short
cooling period, a tickle voltage was applied to the
entrance endcap to generate collision-induced dissocia-
tion (CID) of the precursor ion. Argon was used as the
buffer gas.
The SWIFT waveform is constructed from a series of
sine waves with frequencies corresponding to the range
of possible m/z values in the trap (200 to 2000 u).
Individual frequencies are calculated according to the
standard equations for the secular frequency of the ion
[23]. A notched frequency spectrum is transformed to
the time-domain SWIFT waveform by fast Fourier
transform. The amplitude range of the SWIFT wave-
form is reduced by applying quadratic phase modula-
tion [21, 24].
The tickle waveform is constructed by adding three
sine waves symmetrically distributed about the secular
frequency with quadratic phase modulation. The mag-
nitude of the tickle voltage was optimized on-line
according to the fragmentation ratio R (the precursor
ion intensity over the fragment ion intensity) for each
spectrum. The value of R was chosen to produce about
90% of fragmentation of the precursor ion.
Database Search for Peptide and Protein
Identification
A software program PeptideSearch used in this work
was accessed via http://www.mann.emblheidel-
berg.de/Services/PeptideSearch/ maintained by the
European Molecular Biology Laboratory. This program
can search the sequence database based on the enzyme
specificity, the mass of a protein, the mass of a peptide,
and a sequence tag of a peptide [17]. A sequence tag
consists of a partial amino acid sequence, and the
starting and ending mass of the sequence. In this work,
the partial sequence was extracted from the MS/MS
spectrum by calculating the mass spacing between the
mass peaks of the same fragment ion series. Average
mass was used in the database search. Trypsin was
used as the enzyme and the mass accuracy was set as 1
Da. The search in this work is based on y-type sequence
ions. Mass ranges of 16–17, 11–13 and 40–42 kDa were
used for horse heart myoglobin, bovine cytochrome c
and the protein spot from the gel, respectively, for the
database search.
Results and Discussion
Data-Dependent Data Collection of LC/MS/MS
In order to perform automatic data analysis and data
acquisition of on-line LC/MS/MS, the data system
should be able to detect the elution of each peak and
initiate the MS/MS process. Two sample runs were
used to optimize the on-line analysis although in prin-
ciple one run could be used. The first LC/MS run was
used for peptide mapping, identifying the peaks of
interest, and, based on each peak, determining three
parameters (integrated peak intensity, m/z, and peak
width), which are necessary for LC/MS/MS. These
parameters for a series of peaks were entered into the
MS/MS control program for the second run. Integrated
peak intensity is the parameter based on which a
threshold value for detecting the elution of the peak is
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decided. The m/z of the peak is used for calculating the
SWIFT waveform and tickle frequency, and the peak
width determines the duration of the MS/MS process
for one specific peak. In the LC/MS/MS run, the
program analyzes each spectrum and monitors the
integrated peak intensities of the selected peptides in
real time. The computer starts the MS/MS process if the
integrated peak intensity has reached the threshold. A
series of target ions can be fragmented sequentially by
automatic computer control during one HPLC run.
A broadband excitation signal via the SWIFT wave-
form selectively isolates ions with a specific m/z and
eliminates all the other ions from the trap thus resulting
in high sensitivity for fragment ions. The fragmentation
efficiency of an ion in the ion trap is primarily affected
by the magnitude of the tickle voltage. The peaks from
the capillary LC column are typically 20–30 s wide. A
sampling rate of 2 s/spectrum is required to provide
sufficient signal to noise ratio for mass detection. Thus
10–15 mass spectra can be obtained for each peak.
During the short period of peak elution, the magnitude
of the tickle voltage is adjusted on-line based on the
fragmentation ratio R (the precursor ion intensity over
the fragment ion intensity) obtained from the previous
spectrum. R is set to be 0.05–0.1 to ensure a high
conversion efficiency from the parent ion to product
ions. A tickle voltage algorithm should provide an
accurate and timely adjustment of the tickle voltage in
response to R. When the MS/MS process is initiated, a
preset initial tickle voltage is applied for the fragmen-
tation. In previous work [7], once a tickle voltage was
used and found to be too high (or too low) based on the
values of R, the allowed subsequent tickle voltage
range was restricted to values lower (or higher) than
that value. This was done in order to decrease the
required number of acquisitions for the determination
and convergence of the optimum tickle voltage. It was
observed in this work that the tickle voltage attempts to
go beyond this range during the period of most intense
HPLC elution. The adjustment algorithm was therefore
improved in present work to permit alterations in tickle
voltage in such cases. If the voltage needs to be adjusted
Figure 1. MS/MS spectra for three standard peptides. (a), (c), and (d): doubly charged ion of peptide
1, 2, and 3, respectively, as precursor ions; (b) singly charged ion of peptide 1 as the precursor ion.
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in the same direction more than N times in succession in
order to produce the R values which fit in the preset
range, the allowed tickle voltage range was expanded.
The value of N was typically set as 4.
Doubly charged ions are often formed for tryptic
digest products as a result of electrospray ionization
(ESI) where the masses of most doubly charged species
easily fall within the mass range of the instrument. For
our IT/reTOFMS system, a sampling mass range of
around 1400 Da is usually set for acquiring tryptic
peptide mapping because most tryptic peptides have a
mass of ,3000 Da. For the acquisition of tandem mass
spectra of doubly charged ions, a mass range as high as
the total molecular weight of the peptide is preferable
for comprehensive fragment ion detection where the
fragmentation of doubly charged species can generate
singly charged fragment ions up to twice the m/z of the
doubly charged parent ion. The ion trap operates in a
pulsed mode and the entire mass spectrum covering the
whole mass range is recorded simultaneously. There-
fore, a large mass range can be used without affecting
the resolution, although the high mass range increases
the data file size and the amount of memory required.
The high-mass range also requires the increase of rf
voltage applied to the ion trap to improve the ion
storage efficiency of relatively high-mass fragment ions.
In this work, an rf voltage of 1250 V was used for tryptic
peptide mapping and an rf voltage of around 1800 V
was used for the acquisition of fragment ion spectra.
These rf voltages resulted in a low m/z cutoff at around
100 and 150 Da, respectively. An increased rf voltage
can also enhance the fragmentation efficiency based on
the pseudopotential well model of an ion trap [25, 26].
The maximum kinetic energy deposition is dependent
on the pseudopotential well depth of an ion, i.e.,
KEmax 5 eDz, where Dz is the pseudopotential well
depth of an ion. Dz is governed by the equation Dz 5
qzV/8. Because qz is proportional to the rf voltage V,
Dz and thus the maximum kinetic energy deposition
varies with the square of rf voltage.
MS/MS of Standard Tryptic Peptides
A mixture of three standard peptides was separated
and analyzed by LC/MS/MS. The three peptides are:
(1) YGGFLR (MW 5 711.8); (2) VAITVLVK (MW 5
Figure 2. MS/MS spectra of four peptides from tryptic digest of horse heart myoglobin.
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842.1); (3) FSWGAEGQR (MW 5 1037.1). All these pep-
tides have a free N-terminus and a basic residue of
arginine or lysine at the C-terminus so that they are
typical tryptic peptides. The mass spectrum (not
shown) for each peak contained both doubly and singly
charged molecular ions with the doubly charged ions
dominant under the experimental conditions. The
MS/MS spectra of the doubly charged ions as shown in
Figure 1 primarily consist of a, b, and y ions. The
nomenclature of the fragment ions in this work is based
on that proposed by Roepstorff and Fohlman [27]. In
the relatively low mass range, several types of fragment
ions can be found without any particular type of ions
predominating. At the high mass end, a series of y ions
are dominant. The appearance of a series of y ions from
the fragmentation of a doubly charged tryptic peptide
on IT/reTOFMS is similar to the experimental results
on other mass spectrometers including triple quadru-
poles and ion trap mass spectrometers [28–30]. In
comparison with the MS/MS spectrum of the doubly
charged peptide 1 in Figure 1a, Figure 1b shows the
fragmentation of the singly charged peptide 1 under the
same conditions except that the skimmer–orifice poten-
tial was increased from 100 to 150 V in order to favor
the formation of the singly charged parent ion. The
spectrum is more cluttered with a variety of fragment
ion types and y ions are of much lower abundance
compared to those in Figure 1a. It is difficult to extract
sequence defining fragment ions of any type from the
spectrum. The fragmentation of the singly charged
tryptic peptide is not as informative as that of the
doubly charged peptide in terms of sequence informa-
tion. Therefore doubly charged peptides were chosen
for fragmentation in further experiments.
MS/MS of Protein Tryptic Digests
Doubly charged ions of four peptides from the tryptic
digest of horse heart myoglobin and bovine cytochrome
c, respectively, were chosen as the targets for on-line
LC/MS/MS. The masses of these peptides range from
778 to 2010. It can be seen from Figures 2 and 3 that
most parent ions generate various singly charged frag-
ment ions with an easily identifiable and consecutive
series of prominent y ions beyond the parent ion. For
the peptides with MW of 1272.2, 1606.1, and 1168.6, all
Figure 3. MS/MS spectra of four peptides from tryptic digest of bovine cytochrome c.
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of which contain a basic histidine residue, there exist
doubly charged y ions below the parent ion due to the
protonation of both the histidine and the amino termi-
nus. The formation of the doubly charged y ions in
these cases resulted in the low abundance or disappear-
ance of the same fragment ions with a single charge at
the high mass end. Relatively large peptides such as
GITWGEETLMEYLENPK (MW 5 2010.5) and GLS-
DGEWQQVLNVWGK (MW 5 1815.3) yielded a series
of very intense y ions over the relatively low mass
range, whereas very few ions can be observed beyond
the parent ion. It is probably caused by the fact that only
a small faction of the peptides were subjected to effi-
cient fragmentation near the C-terminus or the large
fragment ions underwent further dissociations under
the experimental conditions. Although the extent of
peptide fragmentation and the intensity of various
fragment ions vary with the peptides, a partial amino
acid sequence can be readily extracted from the tandem
mass spectrum for each peptide studied in this work.
Database Search Based on LC/MS/MS
It is very difficult to assign a complete series of the same
type of fragment ions from any MS/MS spectrum. A
partial amino acid sequence, however, can be readily
derived from the MS/MS spectra by calculating the
mass spacing between the adjacent fragment ions of the
same series. A sequence tag can be obtained from an
amino acid sequence. The sequence tag in conjunction
with the peptide mass, the protein mass, and the
enzyme specificity can be utilized for the database
search. Horse heart myoglobin and bovine cytochrome
c were used to demonstrate the utility of the sequence
tag approach in protein identification. Sequence tag
information derived from the tandem mass spectra in
Figures 2 and 3 together with the database search
results were listed in Tables 1 and 2. Because the mass
accuracy is #1 Da on the IT/reTOFMS, amino acids
such as Ile (I), Leu (L) and Asn (N), Asn (N) and Asp
(D), Glu (E), Gln (Q) and Lys (K), cannot be differenti-
ated by mass alone. Therefore a bracket is used to
indicate the possibility of each amino acid. It can be
seen from Table 1 that each sequence tag has generated
a unique peptide match and a certain number of protein
candidates. The unique peptide match was confirmed
by comparing the tandem mass spectrum of the actual
peptide with that of the predicted peptide. The protein
can be unambiguously identified as horse heart myo-
globin. In Table 2, the overlap of the protein candidates
resulting from the search based on each peptide gener-
ates only three protein candidates: bovine cytochrome
c, Mirle cytochrome c, and Canfa cytochrome c. These
three proteins have most of the peptide sequences in
common and hence cannot be differentiated. The pro-
tein can be further unequivocally identified by compar-
ing the tryptic peptide masses of the three proteins in
the database with the actual tryptic map.
It should be noted in Tables 1 and 2 that the number
of protein matches generally decreases with the in-
creased m/z of the peptides. The smallest peptide
(MW 5 778.8) yielded a much higher number of pro-
tein candidates compared to relatively large peptides
and thus is less useful in the database search. In
Table 1. Database search results based on the sequence tags of four tryptic peptides from horse heart myoglobin
Measured MW
of the peptides
(Da) Sequence tag
Peptide sequence
matches
Number of protein
matches
1272.2 (717.1)HGT(1014.4) LFTGHPETLEK 6 myoglobin
variants
1378.0 (773.3)(ILN)VVT(1184.1) HGTVVLTALGGILK 1 (horse heart
myoglobin)
1606.1 (814.8)HGA(1081.4) VEADIAGHGQEVLIR 5 myoglobin
variants
1815.3 (389.5)V(ND)(ILN)V(815) GLSDGEWQQVLNVWGK 1 (horse heart
myoglobin)
Table 2. Database search results based on the sequence tags of four tryptic peptides from bovine cytochrome c
Measured MW of
the peptides (Da) Sequence tag
Peptide sequence
matches
Number of protein
matches
778.8 (535.2)(ILN)M(778.7) MIFAGIK, MIFAGLK
MLDSGKK, MLEEEK,
MLNFVR, MNSSEGR
43 (38 cytochrome
c variants)
1168.6 (686)(ILN)(ND)(914.5) TGPNLHGLFGR,
TGPNLHGIFGR
24 cytochrome c
variants
1455.9 (798.4)FGPA(1171.0) TGQAPGFSYTDANK 11 cytochrome c
variants
2010.5 (358.1)(KQE)(ILN)Y(KQE)(894) GITWGEETLMEYLENPK 8 cytochrome c
variants
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addition, it is very difficult to extract at least a two
amino acid sequence from the MS/MS spectra of pep-
tides with only several amino acid residues in length.
LC/MS/MS in conjunction with the sequence tag
approach was utilized to identify a protein from a
two-dimensional gel electrophoresis separation. The
protein spot was obtained from a sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
of a human esophageal adenocarcinoma cell line where
an in-gel tryptic digestion was performed on a protein
spot from the gel. Figure 4 shows the capillary LC/MS
of the in-gel tryptic digest of the protein spot. In Figure
5 are shown the tandem mass spectra of three selected
peptides. Based on the mass difference of consecutive y
ion series, sequence tags were obtained and indicated in
Figure 4. Capillary LC/MS of in-gel tryptic digest of a protein
spot from 2-D gel separation.
Figure 5. MS/MS spectra of three peptides from the in-gel
tryptic digest of the protein spot.
Table 3. Measured and calculated peptide masses from in-gel tryptic digest of a protein spot
Mmeas(Da) Mcalc(Da) DM(Da) Amino acid Peptide sequence
630.07 630.75 20.68 192–196 (K)ILTER(G)
643.00 643.75 or 643.83 20.75 or 20.83 178–183 or 63–68 (R)DIKEK(L) or
(R)GILTLK(Y)
795.55 794.96 0.59 329–335 (K)IIAPPER(K)
800.18 801.02 20.84 62–68 (K)RGILTLK(Y)
923.22 923.14 0.08 329–336 (K)IIAPPERK(Y)
976.51 976.02 0.49 19–28 (K)AGFAGDDAPR(A)
1037.06 1036.30 0.76 327–335 (K)IKIIAPPER(K)
1132.01 1132.21 20.20 197–206 (R)GYSFTTTAER(E)
1161.46 1161.40 0.06 316–326 (K)EITALAPSTMK(I)
1171.57 1171.42 0.15 40–50 (R)HQGVMVGMGQK(D)
1197.92 1198.45 or 1198.22 20.53 or 20.3 29–39 or 51–61 (R)AVFPSIVGRPR(H) or
(K)DSYVGDEAQSK(R)
1354.50 1354.41 0.09 51–62 (K)DSYVGDEAQSKR(G)
1515.90 1515.71 20.19 85–95 (K)IWHHTFYNELR(V)
1516.58 1516.60 20.02 360–372 (K)QEYDESGPSIVHR(K)
1612.20 1610.90 1.30 184–196 (R)DLTDYLMKILTER(G)
1791.54 1790.96 or 1790.23 0.58 or 1.31 239–254 or 313–328 (K)SYELPDGQVITIGNER(F) or
(R)MQKEITALAPSTMKIK(I)
1894.60 1895.10 20.50 360–375 (K)QEYDESGPSIVHRKCF
1954.34 1954.27 0.07 96–113 (R)VAPEEHPVLLTEAPLNPK(A)
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Figure 5. The database search uniquely matched the
peptide for each sequence tag. Each peptide belonged
exclusively to the protein actin and is highly conserved
among different species. The protein was taken from a
human adenocarcinoma cell line so that it was identi-
fied as human actin. In Table 3 is listed all the measured
and calculated tryptic peptide masses of human actin.
The matched peptides cover 45% (172/375 amino acids)
of the protein. LC/MS provided a relatively high cov-
erage of peptide sequences in an efficient manner
compared to the use of microelectrospray where each
peptide is analyzed by direct infusion after manual
collection of peptide components from HPLC [17].
Based on the tryptic peptide mapping, it is difficult to
distinguish the peptides with very close masses. For
example, as shown in Table 3, two possible amino acid
sequences can be assigned to the peptide with the
measured MW of 1197.9. The sequence of the peptide
can be unambiguously identified as AVFPSIVGRPR by
the tandem mass spectrum shown in Figure 5b. The
peptide with the measured MW of 1791.5 in Table 3 was
also identified as SYELPDGQVITIGNER by the tandem
mass spectrum in Figure 5a from two candidates of
MQKEITALAPSTMKIK and SYELPDGQVITIGNER.
Conclusions
Protein identification was achieved by performing on-
line capillary HPLC coupled with an IT/reTOFMS for
tryptic peptide analysis in combination with a database
search by using the sequence tag method. The fragmen-
tation of doubly charged tryptic peptides produced a
series of dominant y ions, from which a partial se-
quence can be obtained. The partial amino acid se-
quences were used to identify the proteins in searches
of the database by using the sequence tag method. In
addition, a protein spot from a 2-D gel was identified as
human actin and the tandem mass spectra of the
selected peptides can unequivocally determine the se-
quence of the peptide among the tryptic peptides with
the same mass. The combination of high fragmentation
efficiency in the ion trap, fast detection speed and high
mass range of the reTOFMS, and effective sequence tag
approach of database search provides a powerful tool
for protein and peptide identification.
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